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ABSTRACT
We present IRAM Plateau de Bure Interferometer observations of the CO(3–2) and CO(5–4) line
transitions from a Lyα blob at z ∼ 2.7 in order to investigate the gas kinematics, determine the
location of the dominant energy source, and study the physical conditions of the molecular gas. CO
line and dust continuum emission are detected at the location of a strong MIPS source that is offset
by ∼1.5′′ from the Lyα peak. Neither of these emission components is resolved with the 1.7′′ beam,
showing that the gas and dust are confined to within ∼7 kpc from this galaxy. No millimeter source
is found at the location of the Lyα peak, ruling out a central compact source of star formation as the
power source for the Lyα emission. Combined with a spatially-resolved spectrum of Lyα and He II,
we constrain the kinematics of the extended gas using the CO emission as a tracer of the systemic
redshift. Near the MIPS source, the Lyα profile is symmetric and its line center agrees with that of
CO line, implying that there are no significant bulk flows and that the photo-ionization from the MIPS
source might be the dominant source of the Lyα emission. In the region near the Lyα peak, the gas
is slowly receding (∼100km s−1) with respect to the MIPS source, thus making the hyper-/superwind
hypothesis unlikely. We find a sub-thermal line ratio between two CO transitions, ICO(5−4)/ICO(3−2)
= 0.97 ± 0.21. This line ratio is lower than the average values found in high-z SMGs and QSOs, but
consistent with the value found in the Galactic center, suggesting that there is a large reservoir of
low-density molecular gas that is spread over the MIPS source and its vicinity.
Keywords: galaxies: formation — galaxies: high-redshift — intergalactic medium — radio lines:
galaxies — submillimeter: galaxies
1. INTRODUCTION
Giant Lyα nebulae (also known as “Lyα blobs”) are
large (50–100 kpc) spatially extended regions emitting
copious amounts of Lyα emission [L(Lyα)∼ 1043−44
erg s−1 ] (e.g., Keel et al. 1999; Steidel et al. 2000;
Francis et al. 2001; Matsuda et al. 2004, 2011; Dey et al.
2005; Saito et al. 2006; Smith & Jarvis 2007; Ouchi et al.
2009; Prescott et al. 2009, 2012a; Yang et al. 2009,
2010; Erb et al. 2011). They may represent sites
of massive galaxy formation and their early inter-
action with the intergalactic medium. However,
the questions of what powers these gigantic gas ha-
los and whether the surrounding gas is outflow-
ing from or infalling into the embedded galaxies
are still debated. The proposed scenarios include
photo-ionization by AGNs (Geach et al. 2009), shock-
heated gas by galactic superwinds (Taniguchi & Shioya
2000), cooling radiation from cold-mode accretion
(Fardal et al. 2001; Haiman, Spaans, & Quataert 2000;
Dijkstra & Loeb 2009; Goerdt et al. 2010), and res-
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onant scattering of Lyα from star-forming galaxies
(Steidel et al. 2011; Hayes et al. 2011). However, ob-
servations of Lyα blobs currently allow no firm con-
clusions about their nature. For example, less than
20% of blobs are found to contain X-ray luminous AGN
(Geach et al. 2009) implying that a powerful AGN is
not always required for producing the extended halo
(see also Yang et al. 2009). Yet Overzier et al. (2013)
argue strongly that most are powered by AGN. It has
long been believed that Lyα blobs undergo intense dusty
starbursts like submillimeter galaxies (Ivison et al. 1998;
Chapman et al. 2004; Geach et al. 2005), but recent
studies show that most Lyα blobs are not as luminous at
rest-frame far-infrared (FIR) wavelengths as submillime-
ter galaxies (Yang et al. 2012; Tamura et al. 2013).
The molecular gas content in Lyα blobs has to date
remained unconstrained, despite numerous attempts to
detect CO emission (Chapman et al. 2004; Yang et al.
2012; Wagg & Kanekar 2012). Observations of the
molecular gas component in these systems are key to
determining the physical conditions in the star-forming
gas, the star formation efficiency, and constraining var-
ious relevant timescales and the role of feedback. CO
emission lines are also a useful tool as a tracer of the sys-
temic redshift, without which it is difficult to constrain
the gas kinematics within a given system. For example,
previous studies of the same Lyα blob using only Lyα
emission line have led to radically different conclusions
about the gas kinematics, suggesting that gas is outflow-
ing in stellar or AGN winds (Wilman et al. 2005), in-
flowing due to gas accretion (Dijkstra et al. 2006b), or
even static (Verhamme et al. 2008). These discrepancies
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mainly arise because the systemic velocities of the galax-
ies within the Lyα blob are not directly measured, but
rather need to be assumed (see also Bower et al. 2004;
Weijmans et al. 2009). While other nebular lines in the
UV/optical such as [O III] and Hα have been used to con-
strain the systemic velocity within a small sample of Lyα
blobs (e.g., Yang et al. 2011; McLinden et al. 2013), they
are strongly susceptible to extinction and are only de-
tectable from the ground over a restricted redshift range
due to atmosphere. In such cases, the far infrared emis-
sion lines such as CO and [C II] 158µm are ideal probes
to determine the systemic redshift of the system, should
they harbor a cold molecular component.
In this paper, we discuss new Plateau de Bure Inter-
ferometer (PdBI) observations of the CO J = 3→ 2 and
J = 5→ 4 line transitions from one of the most lumi-
nous Lyα blobs (LABd05; Dey et al. 2005). Originally
discovered due to its strong Spitzer MIPS 24µm flux,
LABd05 has been the subject of many multi-wavelength
studies. Spitzer and high resolution HST optical/NIR
observations show that this giant Lyα nebula is com-
posed of a strong MIPS source and ∼17 small compact
galaxies (Prescott et al. 2012b). The peak of the Lyα
emission is substantially offset from all the galaxies (e.g.,
1.5′′ from the MIPS source), but is coincident with a de-
tection in He II emission. Prescott et al. (2008) found
that LABd05 inhabits an overdense environment, sug-
gesting that it may be the progenitor of a rich galaxy
group or low-mass galaxy cluster. The SED of the
bright MIPS source within LABd05 can be explained
by an AGN-dominated template with a FIR luminos-
ity of LFIR (40–1000µm) = 4×10
12L⊙ (Dey et al. 2005;
Bussmann et al. 2009; Yang et al. 2012), although it is
not yet clear whether the far-IR luminosity is driven pri-
marily by star-formation or AGN activity (Colbert et al.
2011). The MIPS source contributes the bulk of the bolo-
metric luminosity from the region and has a very ex-
treme rest-frame UV-to-mid-IR color that characterizes
it as a heavily dust-obscured galaxy (DOG; Dey et al.
2008; Prescott et al. 2012b). On the other hand, the
kinematics of Lyα-emitting gas have not been fully con-
strained. While the Keck Low Resolution Imaging Spec-
trometer (LRIS) longslit spectroscopy shows that there
is a monotonic (and approximately linear) velocity gradi-
ent across the Lyα blob (maybe due to rotation, outflow
or infall), the interpretation of this signature was am-
biguous because of the lack of the systemic redshift of
the embedded galaxies, possibly the center of the gravi-
tational potential of the blob (Dey et al. 2005). Previous
attempts to detect the CO emission in LABd05 using the
IRAM-30m yielded only upper limits Yang et al. (2012).
Here, we present new PdBI interferometric observations
of LABd05 that reveal detections of the dust continuum
emission and CO emission lines from the system.
This paper is organized as follows. In §2, we describe
our PdBI observations. In §3.1, we present the detec-
tion of molecular gas from LABd05. In §3.2, we con-
strain the gas kinematics of the Lyα-emitting gas using
the systemic redshift derived from CO and He II lines.
In §3.3, we use the CO line SED to study physical con-
ditions in star-forming regions. In §3.4, we present the
FIR SED and derive constraints on the dust properties
of LABd05. In §4.1, we discuss some plausible physi-
cal models for LABd05. Section 5 summarizes our con-
clusions. Throughout this paper, we adopt the follow-
ing cosmological parameters: H0 = 70km s
−1 Mpc−1,
ΩM = 0.3, and ΩΛ = 0.7.
2. OBSERVATIONS AND DATA ANALYSIS
PdBI observations of the CO J=3–2 transition for
LABd05 were carried out using the WideX receiver
(3mm band) in June – August 2012 (project ID: W04E)
over 9 observing sessions. At the same time, we targeted
another Lyα blob SSA22–LAB18 (R.A. = 22h 17m 28.99s,
decl. = +00◦ 07′ 51.2′′), a source originally discovered by
Matsuda et al. (2004) and known to host an SMG with
S850µm=11mJy (Geach et al. 2005). These two Lyα
blobs were selected mainly because they are the brightest
in the (sub)mm among the sources accessible from PdBI.
Data were collected in the compact D configuration
with four or five antennae and baselines ranging be-
tween 24m and 112m. The total bandwidth of the
dual polarization mode was 3.6GHz corresponding to
∼12000 km s−1. We tuned the receiver to νobs =
94.58GHz and 84.55GHz, the redshifted CO(3–2) fre-
quency at z = 2.656 (LABd05) and z ≈ 3.090 (SSA22-
LAB18), respectively. The on-source integration times
equivalent to the full six-antenna array were 4.7 and 5.5
hours for LABd05 and SSA22–LAB18, respectively. The
water vapor ranged between 5mm and 12mm on dif-
ferent sessions. The data were calibrated through ob-
servations of bandpass (3C279, 2013+370, 2200+420)
phase/amplitude (1308+326, 1417+385, 1504+377)
and flux calibrators (MWC349) for LABd05. For
SSA22–LAB18, we used bandpass (3C454.3, 2013+370,
2200+420), phase/amplitude (2230+114, 2145+067) and
flux (MWC349, 2200+420) calibrators. Phase calibra-
tors were observed every ∼22 minutes. The primary
beam sizes are 53′′ and 59′′ with the synthesized beams of
6.′′4×4.′′2 (P.A.=54◦) and 6.′′9×5.′′2 (PA=29◦) for LABd05
and SSA22-LAB18, respectively.
The CO(3–2) line emission is detected with high sig-
nificance (∼6σ) from LABd05 while the observations of
SSA22-LAB18 resulted only in a 3σ upper limit of ≈0.27
Jy km s−1 (assuming a line-width of 400 km s−1). We ob-
tained additional PdBI WideX observations of the CO
J=5–4 transition from LABd05 on 2012 December 22
and 30 (project ID: W0AC). Data were collected in C con-
figuration with six antennae and baselines ranging be-
tween 24m and 176m. The receiver was tuned to νobs
= 157.617GHz (2mm band) and the total bandwidth
was 3.6GHz, corresponding to ∼6800 km s−1. The on-
source observing time was 5.2 hours. The water vapor
ranged between 2mm and 10mm. The primary beam
and the synthesized beam sizes were 32′′ and 1.′′8× 1.′′6,
respectively. For calibration, we used bandpass (3C273,
3C279) phase/amplitude (1424+366, 1417+273), and
flux (3C273, 3C279) calibrators.
The data were reduced with CLIC and MAPPING within
the GILDAS software package.1 The data processing pro-
gram used water vapor monitoring receivers at 22GHz
on each antenna to correct the measured amplitudes
and phases for short-term changes in atmospheric wa-
ter vapor. The typical rms errors in phase calibration
are 20◦–45◦ and 10◦–30◦ for the 2mm and 3mm band
observations, respectively. Typical uncertainties in the
1 http://www.iram.fr/IRAMFR/GILDAS
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Figure 1. PdBI CO(5–4) and CO(3–2) line observations of LABd05. Both the dust continuum and CO line images are unresolved down
to 1.7′′ (∼13.5 kpc). (Left) Continuum-subtracted CO spectra with the velocity resolution of 50 km s−1. The solid (red) curves represent
the Gaussian fits to the line profiles. The (blue) horizontal bars represent the velocity intervals used to create the line-only images. (Middle)
Cleaned continuum images generated from the line-free spectral regions. (Right) Cleaned CO line images after subtraction of the continuum
emission. The crosses indicate the phase centers (galaxy #36; R.A. = 14h 34m 10.s981, decl. = +33◦ 17′ 32.′′48). The contours are spaced
for 2, 3, 4, 5, 6σ (solid ) and −2 and −4σ (dotted line ). The sizes of the synthesized beams are shown in the bottom left corner of each
panel. The field of view (FOV) of each image panel is ∼25′′.
flux scales and overall calibration are about 10%. We
weighted visibilities according to the inverse square of the
system temperature, and applied natural weights when
creating maps. We achieved an rms sensitivity of 0.4 –
0.5mJybeam−1 per 100 km s−1 channel for both targets
and transitions.
3. RESULTS
3.1. Detection of CO in a Lyα Blob
We detect the CO line emission from the molecular gas
associated with LABd05. In Figure 1, we show the CO
spectra, the cleaned dust continuum and the integrated
CO line images for LABd05. Since neither dust contin-
uum nor CO line emission is detected in SSA22-LAB18,
we present the results for SSA22-LAB18 in the Appendix.
We extract the spectra from the brightest pixel in the
image cubes because the source is not resolved in the
current data. For the CO(5–4) line observations where
the underlying dust continuum is detected, we subtract
the continuum in the uv space before extraction. We fit
single Gaussian profiles to the spectra to measure the line
fluxes and widths. We produce the CO line images by
integrating the channels indicated with horizontal lines
in the left panels of Figure 1, which are ∼1.3×FWHM of
the lines. The CO(3–2) and CO(5–4) lines are detected
at 6σ and 7σ level for this velocity interval, respectively.
The properties of the CO lines and dust continuum are
listed in Table 1.
The PdBI high-resolution continuum observations pin-
point the location of the most energetic source within
LABd05. In Figure 2, we show the 1.9mm continuum
and CO(5–4) line contours on an HST VJH composite
image. The dust continuum and CO lines are detected at
the phase center, the position of the galaxy #36 (R.A. =
14h 34m 10.s981, decl. = +33◦ 17′ 32.′′48), which was iden-
tified from the deep optical and near-infrared HST ob-
servations as the most likely counterpart to the strong
MIPS source (Prescott et al. 2012b). The dust contin-
uum and CO line images are unresolved down to our
synthesized beam (1.7′′; 13.5 kpc) and are coming from
galaxy #36, or at least from the r ≈ 7 kpc region around
this position. The center of the CO emission is slightly
offset from the phase center by 0.′′4± 0.′′3, but this offset
is not statistically significant.2
No millimeter source is detected at the location of the
peak of the Lyα emission, which is offset by∼1.5′′ (12 kpc
in projected distance) from the MIPS source. We place
a 3σ upper limit of S1.9mm < 0.15 mJy beam
−1 corre-
sponding to LFIR < 1.6×10
12L⊙ or SFR < 260M⊙yr
−1,
assuming the dust properties presented in Section 3.4.
It is therefore unlikely that the nebula is powered by a
luminous, dust-obscured galaxy located at the position
of the Lyα centroid.
The CO line spectra show that the MIPS source
(galaxy #36) is indeed located at the same redshift as
2 The uncertainty on the position of the CO emission is derived
from the UVFIT routine in GILDAS.
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Figure 2. (Left) HST VJH composite image of LABd05 (adopted from Prescott et al. 2012b, Fig. 2) overlayed with Lyα, 1.9mm
dust continuum, and CO(5–4) contours. The FOV is 14′′ (≈110 kpc). The cross indicates the phase center of the PdBI observation,
which is the position of the galaxy #36. Green, red, blue lines represents 1.9mm dust continuum, CO(5–4) and Lyα lines, respectively.
For clarity, we show only 3, 4, 5, 6, 7σ contours for the dust continuum and CO emission. Lyα contours are plotted for 1, 3, 5, 7,
9× 10−17erg s−1 cm−2 arcsec−2. Our PdBI submm observations pin down the exact location of the most energetic source within the Lyα
blob The dust and molecular gas is concentrated on one galaxy (#36) rather than spread out over the Lyα blob. In particular, there is
no source found at the peak of Lyα emission. (Right) HST VJH composite image overlayed with the position of 1.5′′-wide Keck LRIS slit
(PA=19.4◦; Dey et al. 2005). The galaxies that fall within the slit are labeled in red. The two dashed boxes are the extraction apertures
1 and 2, centered on the MIPS source (#36) and the He II-emitting region, respectively. The galaxies #46 and #60 are not members of
LABd05, but background galaxies.
the extended Lyα emission (z ≃ 2.66). Note that prior
to this study, the redshift of this MIPS source had only
been estimated from a weak detection of PAH emission
in low S/N Spitzer InfraRed Spectrograph (IRS) spectra
(Colbert et al. 2011). The redshifts and widths of the
CO(5–4) and CO(3–2) lines agree to within the uncer-
tainties. By averaging the two measurements, we deter-
mine the systemic redshift to be z = 2.6560 ± 0.0005,
corresponding to a velocity uncertainty of ∼40km s−1.
We also fitted the two CO spectra simultaneously by
forcing both profiles to have the same redshift and line-
width, but different peak intensities, and found that the
resulting redshift and uncertainties were consistent with
the above. Therefore, we are confident with our redshift
determination. We will discuss the Lyα, C IV, He II and
CO line profiles in detail in the next section.
Given the FIR luminosity of the source, the measured
CO line-width (FWHM ≈ 700 kms−1) is relatively large,
suggesting that the embedded galaxy (#36) is quite mas-
sive. Carilli & Walter (2013) compiled the LFIR and the
FWHM of CO lines for high-z SMGs and QSOs (their fig-
ure 5). While there is a large scatter and no clear corre-
lation between LFIR and FWHM, the LABd05 is located
in the upper part of the distribution of FWHMs for the
sources with logLFIR ∼ 12.5, suggesting that LABd05
contains a galaxy whose dynamical mass is comparable
to that of QSOs and SMGs. The line-width of LABd05
is larger than that of more quiescent normal star-forming
galaxies or color-selected star-forming galaxies. A model-
dependent mass estimate for the galaxy #36 is Mdyn ≡
5σ2R/G = 3–7×1011M⊙, where the range reflects the
range of size estimates for the CO emitting region: the
optical size of the galaxy #36 (Re = 0.39
′′; Prescott et al.
2012b) and the beam size of CO(5–4) observations as an
upper limit (R = 7kpc). Higher resolution CO observa-
tions could yield a more accurate mass estimate by spa-
tially resolving the velocity structure of the CO-emitting
region and by determining the inclination of the galaxy.
3.2. Gas Kinematics from Lyα–CO Velocity Offset
We next compare the CO and Lyα line profiles to in-
vestigate the kinematics of the extended Lyα emission.
Previous studies of LBGs and compact Lyα emitters have
used velocity offsets between the optically thick Lyα and
the optically thin nebular emission lines (e.g., [O III])
as diagnostics for for the kinematics of the surround-
ing medium (Steidel et al. 2004, 2010; McLinden et al.
2011; Hashimoto et al. 2013). We refer the readers
to Yang et al. (2011) for the detailed descriptions and
caveats of this technique in the context of Lyα blobs.
In short, in an optically thick medium with no bulk
flows, a double-peaked Lyα profile with similar inten-
sity emerges because of the resonant scattering. If the
medium is outflowing, the blue peak of the Lyα profile
is depressed or diminished; thus the brighter peak of the
Lyα profile appears redshifted relative to the systemic ve-
locity. In the case of inflowing gas, the brighter Lyα peak
appears blueshifted instead (e.g., Dijkstra et al. 2006a;
Verhamme et al. 2006).
In this study, we use CO emission lines instead of nebu-
lar lines to determine the systemic velocity, because the
CO, as a tracer of the cold molecular gas component,
should be the best tracer of the systemic redshift of a
galaxy (e.g., Greve et al. 2005). Here we assume that
the observed CO emission is originating from the inter-
stellar medium within galaxy #36. As will be discussed
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Figure 3. (Left) Keck LRIS 2–D Lyα spectra and the spatial profile of the UV continuum along the slit. The vertical line represents the
systemic redshift of the CO-detected source (galaxy #36). The galaxies that fall within the LRIS slit are identified on the right. The black
and red histograms indicate the spatial profiles of the rest-frame UV continuum and the Lyα, respectively. (Right) 1–D Lyα spectrum (red
histogram) extracted from the region indicated by the vertical black bar on the left panel (aperture 1), i.e. the approximate location of
galaxy #36. The green dot-dashed line is the Gaussian fit to the CO profile that was convolved to the spectral resolution of the optical
spectra. While the Lyα profile is broader (FWHM = 1040 kms−1) than the CO line (FWHM = 700 km s−1), the Lyα profile is symmetric
and the line center agrees very well with that of the CO line. The velocity offset between Lyα and CO is ∆vLyα ≈ −25±15 kms
−1,
much smaller than the extreme values (∼1000 km s−1) predicted by hyper-/superwind model for Lyα blobs. We conclude that there is no
significant bulk motion around the MIPS source (#36).
in §3.3, LABd05 might have a large reservoir of diffuse
molecular gas, possibly due to outflows or galaxy interac-
tions, which may affect the centroid of CO line. However,
we find that the line profiles of the two CO transitions
— which may trace different phases of the molecular gas
— show almost identical line centers and no evidence for
complex kinematics, suggesting that our assumption is
valid.
To compare velocity centers between the CO lines
and the rest-frame UV emission lines, we re-analyze the
Keck LRIS longslit spectra that were first presented in
Dey et al. (2005). This spectrum was obtained with a
1.5′′-wide slit with PA = 19.4◦ centered on the MIPS
source. In the following, we compare the CO, Lyα, C IV
and He II line profiles at two apertures along the slit:
one line of sight (LOS) directly toward the galaxy #36
(aperture 1 in Fig. 2), and a sight line toward the He II-
emitting gas near the Lyα peak (aperture 2). For a
proper comparison between radio and optical spectra,
all the spectra are placed in a vacuum wavelength and
the local standard of rest (LSR) velocity frame.3
Figure 2 (right) shows the location of the longslit, the
extraction apertures, and the sources identified in HST
images (Dey et al. 2005; Prescott et al. 2012b). We la-
bel the sources which fall within the slit under ∼1′′
seeing condition (adopting the naming convention of
Prescott et al. 2012b). To determine the positions of the
two apertures along the slit, we collapse the spectrum
over a wavelength range of [1240A˚ – 1720A˚]. Figure 3
(left) shows the 2–D spectrum and the spatial profile of
rest-frame UV continuum. We bootstrap the location of
the MIPS source (#36) using the several sources (#26,
#35, #46, #52, #60) that are bright enough to be de-
tected in the continuum profile (mF606W . 26.5). The
blended galaxies (#26, #59) and (#46, #60) correspond
3 The difference between LSR and heliocentric frame is negligi-
ble in our application, but we adopt the LSR frame because most
extragalactic radio/submm observations adopt the LSR frame as a
default.
to the galaxy A and B in Dey et al. (2005), respectively.
While the membership of galaxy A was spectroscopically
confirmed before, galaxy B is not a member, but a back-
ground source at z ∼ 3.27.
Aperture 1 is centered on the MIPS source (#36).
Prescott et al. (2012b) show that this source has a strong
Balmer/4000A˚ break, and a very concentrated light pro-
file, and that it is surrounded by numerous neighbouring
galaxies and diffuse emission indicating that these galax-
ies might undergo merging events. Aperture 2 is centered
on the He II-emitting region, ≈2.5′′ away from galaxy
#36 along the slit, and also includes the Lyα peak which
is located ≈1.6′′ south of the MIPS source (#36). For
this part of Lyα blob, no galaxy is identified in the entire
wavelength range from the rest-frame UV to FIR, thus
the Lyα and He II emission originate from the extended
gas itself. This He II region is extended at least over 0.′′6.
We refer readers to Dey et al. (2005) and Prescott et al.
(2012b) for further details.
3.2.1. Kinematics around the MIPS Source
We compare the CO and Lyα line profiles extracted
at the position of galaxy #36 (aperture 1). Figure 3
shows the Lyα profile from a 1.2′′ (9 pixels) aperture
centered on the galaxy #36. For comparison, we overlay
the Gaussian fit to the CO profile after convolving it with
the spectral resolution of LRIS optical spectra (σinstr =
295 km s−1). While the Lyα profile is broader (FWHM=
1040 km s−1) than the CO line (FWHM = 700 km s−1),
the profile is symmetric and the line center agrees with
that of the CO line within the uncertainty (∆vLyα = −25
± 15 kms−1).
A symmetric single-peaked Lyα profile located ex-
actly at the systemic velocity is not often observed in
Lyα-emitting galaxies, which typically show redshifted
asymmetric profiles or double-peaked profiles (e.g.,
Steidel et al. 2010; Kulas et al. 2012; Yamada et al.
2012, but see Yang et al. 2011, for exceptions). Given
the observed single Lyα peak, the possibilities are (1)
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Figure 4. (Left) 2–D Lyα, C IV, and He II spectra. As in Fig. 3, vertical and horizontal lines in each panel represent the location
and systemic velocity of the MIPS source (#36). (Right) 1–D spectra extracted from the He II-emitting region (aperture 2; θ = −2.5′′),
which roughly coincides with the peak of Lyα surface brightness (θ = −1.6′′). The spectra are shifted along the y–axis by an arbitrary
unit for clarity. In contrast to aperture 1 (Fig. 3), the Lyα profile at this location is broader and more asymmetric with a red wing. The
profile of the blended C IV doublet appears to be similar to the Lyα profile. The optically thin He II line is redshifted by a small amount
(∼110 kms−1) against the CO line center of aperture 1, indicating that the He II-emitting region is receding relative to the MIPS source.
the Lyα profile is intrinsically doubled-peaked with sim-
ilar intensity but two peaks are blended because of low
spectral resolution or (2) the Lyα photons produced in
the MIPS source (either due to star formation or AGN)
are not seriously affected by the resonant scattering in the
medium between the galaxy and the observer. We find
that the first scenario is unlikely because another Keck
LRIS spectrum taken with a higher resolution (σinstr =
197 km s−1) also shows a symmetric Lyα profile. This
spectrum was also obtained by Dey et al. (2005) with PA
= 0◦, but we do not present it here because the slit does
not cover the He II-emitting region. Though unlikely,
this first scenario would imply that the gas around the
MIPS source is roughly static or that there is no sig-
nificant bulk motion. The second scenario implies that
there is less neutral H I gas at the systemic velocity of
the MIPS source, possibly due to photo-ionization by the
ionizing source. If this is the case, the velocity shift of
the Lyα line would reflect gas motions. In either case,
we conclude that the Lyα profile along the LOS toward
galaxy #36 is consistent with roughly static gas with-
out any significant bulk flows. However, we note that we
cannot rule out the possibility of gas motions tangential
to our LOS, thus hiding any strong outflow signatures.
3.2.2. Kinematics of He II-emitting Gas
We compare the Lyα, He II, C IV profiles with the CO
profile for the He II region (aperture 2) to investigate how
this He II-emitting gas is moving relative to the MIPS
source. For this part of Lyα blob, the extended optically
thin He II emission must originate from the extended
gas itself. For optically thick Lyα lines, Lyα photons
could be produced in situ at the same region as He II, or
they could be produced by other galaxies or within other
parts of the gaseous halo, and subsequently resonantly
scattered into this region.
Figure 4 shows the 2–D spectra of Lyα, C IV and He II
and the 1–D spectra extracted from the He II-emitting
region (aperture 2 centered at θ = −2.5′′, where θ is
the projected distance from the MIPS source along the
slit). This extraction aperture is indicated as a vertical
arrow in the left panel. At this aperture, the peak of
the Lyα profile still agrees with the systemic velocity of
the MIPS source (∆v = 45± 26 km s−1), but the Lyα
profile is asymmetric with a red wing that extends up
to 1500km s−1. We find that the velocity half-width at
half-maximum (HWHM = 1350kms−1) on the red side
of the profile is roughly twice broader than the blue side
(HWHM = 600km s−1). The profile of the blended C IV
doublet lines appears to be similar to the Lyα profile,
but the low S/N does not allow us to carry out a detailed
analysis. On the other hand, the optically thin He II line
is redshifted by a small amount (∆v = 110± 25 km s−1)
against the systemic velocity of the #36, indicating that
the He II-emitting gas is moving relative to the MIPS
source. In general, it would not be possible to determine
whether the He II region is approaching or receding rela-
tive to the MIPS source because we do not know whether
this gas is located in front of or behind the galaxy. Luck-
ily, the Lyα profile from the same region has an asym-
metric red wing, indicating that there must be receding
material by which the Lyα photons are back-scattered.
Therefore, we conclude that it is most likely that the
He II-emitting gas near the Lyα-peak is receding in the
local velocity frame and located behind the MIPS source.
The symmetric Lyα profile at the location of the
MIPS source (i.e., in aperture 1) and the relatively small
LOS velocity offset of the He II emitting region (∼
100 km s−1) together suggest that LABd05 does not have
extreme outflows as predicted by the hyper-/superwind
hypothesis (Taniguchi & Shioya 2000) and that shock-
heating does not play a major role in powering Lyα
emission in this source. This extreme outflow model,
which requires an outflow speed up to ∼1000 km s−1, has
been proposed to explain the large extent of Lyα blobs.
Of course, we cannot completely rule out the possibil-
ity of strong outflows oriented tangential to the line-of-
sight, but we note that Dey et al. (2005) showed that the
C IV/He II line ratio is inconsistent with shock ioniza-
tion. A large statistical study of Lyα blob gas kinematics
is required to better constrain the gas geometry. We note
that no evidence for extreme outflows was found among
a total of eight Lyα blobs with a wide range of Lyα lumi-
nosity (Y. Yang in preparation). We will further discuss
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the physical nature of LABd05 in detail in Section 4.1.
3.3. CO SED of LABd05
In combination with radiative transfer models such
as the large velocity gradient (LVG) approximation or
the photo-dissociation region (PDR) model, multiple CO
transitions (CO SED) can be used to constrain the phys-
ical conditions of the molecular gas in the star-forming
region (e.g., Weiß et al. 2007). As a first step to study-
ing the properties of star-forming gas in the galaxy that
dominates the bolometric luminosity of the Lyα blob,
we show the CO SED of LABd05 in Figure 5. For
comparison, we show the CO SEDs for the Milky Way
(Fixsen et al. 1999), the center of a local starburst galaxy
M82 (Weiß et al. 2005), and an optically thick thermal-
ized gas [ICO(J+1−J) ∝ (J + 1)
2]. The average values for
high-z QSOs and SMGs compiled by Carilli & Walter
(2013) are also shown for Jupper = 4 and 5. All CO
SEDs are normalized at the integrated line flux ICO(3−2)
= 1.22 Jy kms−1 of LABd05.
The CO SED of LABd05 is unusual given its high FIR
luminosity (LFIR ∼ 4×10
12L⊙). We find a sub-thermal
line ratio between two transitions, ICO(5−4)/ICO(3−2) =
0.97 ± 0.21 [L′CO(5−4)/L
′
CO(3−2) = 0.35 ± 0.08] which
is smaller than the ratios for the center of M82 (2.24;
Weiß et al. 2005) and for fully thermalized gas (2.78).
This ratio is even lower than the average values of high-
z QSOs (1.97) and SMGs (1.64). The compilation of
Carilli & Walter (2013) includes a total of 9 SMGs and
QSOs that have both CO(3–2) and CO(5–4) line flux
measurements with a range of ICO(5−4)/ICO(3−2) = 1.4 –
2.4, thus LABd05’s line ratio is lower than those of SMGs
and QSOs.4 The observed line ratio is higher than the
value (0.50± 0.1) for the inner part of the MW (2.5◦ <
| l | < 32.5◦), but consistent with the value found toward
the Galactic center (0.84± 0.06; Fixsen et al. 1999).
A caveat to our measurement of the line ratio is that
the beam sizes for the two transitions are different: ≈5′′
and 1.7′′ for CO(3–2) and CO(5–4), respectively. There-
fore, it is conceivable that our CO(5–4) line observations
might have out-resolved any extended CO emission, lead-
ing to an underestimate of the total CO(5–4) flux and a
lower line ratio. We tested whether any extended emis-
sion can be recovered from our C configuration data. Ta-
pering visibilities with ∼50m width boosted the CO(5–
4) line flux by only ∼20% with a new synthesized beam
(∼4′′): ICO(5−4) = 1.36± 0.3, but still consistent with the
original measurement. Note that in order for LABd05’s
ratio to be consistent with that of SMGs, the CO(5–4)
flux has to be boosted by ∼70%, i.e., more than ∼1/3
of the total flux has to lie outside the 1.′′7 beam. How-
ever, since the gas traced by CO(5–4) is likely to be more
spatially compact, it is unlikely to be missed (or resolved-
out) by the larger baselines and the 1.7′′ beam used here.
Future observations of additional CO transitions (e.g.,
J = 1→0, 7→6) and/or re-observation of CO(5–4) line
with a compact array configuration are required to fur-
ther constrain the CO SEDs of LABd05.
5 These measurements are compiled from Barvainis et al. (1997);
Frayer et al. (1999); Neri et al. (2003); Weiß et al. (2003, 2009);
Hainline et al. (2004); Tacconi et al. (2006); Alloin et al. (2007);
Swinbank et al. (2010); Riechers et al. (2011a); Danielson et al.
(2011); Schumacher et al. (2012).
Figure 5. CO line SED of LABd05. The CO line flux is plotted
versus the rotational quantum number Jupper of the CO molecule.
The left y–axis shows the measured line fluxes, the right y–axis the
peak flux density of the lines in LABd05. For comparison, we show
the CO SEDs for Milky Way (dot-dashed line), a starburst galaxy
(M82; solid line) and a fully thermalized CO gas (ICO ∝ J
2
upper;
dashed line) which are normalized at ICO(3−2) of LABd05. The
triangles represent the average values of high-z SMGs and QSOs.
The CO(5–4)/CO(3–2) line ratio of LABd05 is lower than those of
other high-z sources with similar LFIR.
With these caveats in mind, we consider two possible
scenarios for the CO excitation in LABd05 and their im-
plications. First, the LABd05’s CO emission could arise
from a single gas phase, i.e., the CO SED of LABd05
can be approximated with a LVG model with a single
gas density (n) and temperature (Tkin). In this case, one
can show that the star-forming gas in this Lyα blob has
lower density and/or temperature than what has been
observed in QSOs and SMGs with similar LFIR. Low CO
excitation has been observed for high-z galaxies, but only
for a handful of near-IR-selected galaxies (the so-called
BzK galaxies) at z ∼ 1.5 that have lower LFIR (∼10
12L⊙)
than SMGs and LABd05 (e.g., Dannerbauer et al. 2009).
Second, the CO SED of LABd05 could be composed of
two components (a) a dense molecular gas reservoir typi-
cal of high-z QSOs and (b) an additional diffuse gas com-
ponent around this system. There is now increasing ev-
idence that SMGs contain both low and high-excitation
components of molecular gas (e.g., Weiß et al. 2005;
Ivison et al. 2011; Danielson et al. 2011; Riechers et al.
2011b). For example, Riechers et al. (2011b) show
that, in two SMGs (SMM J09431+4700 and SMM
J13120+4242), a low-excitation component similar to the
MW CO SED is required to explain the excess of low-J
emission. However, we find that even in these studies, the
low-excitation component is not strong enough to yield
a flat ICO(5−4)/ICO(3−2) line ratio. Instead, we find that
the flat (5–4)/(3–2) line ratio of LABd05 is more similar
to that of the local starburst galaxy M82. Weiß et al.
(2005) show that while the central starburst disk of M82
follows an almost thermalized CO SED up to J=4 or 5
(Fig. 5), the total integrated CO SED is less excited due
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Figure 6. Spectral energy distribution of LABd05 from mid-IR
to mm wavelengths. The 1.9mm and 3.2mm data from this work
(red) are combined with the data from Yang et al. (2012). The
error bars and upper limits are given at 3σ. The left inset shows
the likelihood distribution of Td and β. The contours represent
the 1, 2 and 3 σ confidence intervals. We find Td = 54, 39, 31K
for the fixed β = 1, 1.5, and 2, respectively. While there is a
degeneracy between Td and β, we find that models with colder
dust temperature (Td . 40K) are favored at 2σ (96%) confidence.
to low-J transitions dominated by the diffuse molecular
gas located in the outflow and in tidal streamers. Their
best-fit LVG model shows that if M82 were observed un-
resolved at high-z, it would have ICO(5−4)/ICO(3−2) =
0.83 similar to the values observed in LABd05.
Without the complete CO SED, especially the J=1→0
transition, it is not possible to distinguish these two sce-
narios discussed above. However, in either case, we con-
clude that there must be a significant reservoir of low
density molecular gas associated with LABd05.
3.4. Dust Properties of LABd05
The dust properties of Lyα blobs have been poorly con-
strained to date because most Lyα blobs have not been
detected at mm and submm wavelengths (Matsuda et al.
2007; Kohno et al. 2008; Yang et al. 2012; Tamura et al.
2013). Using new continuum measurements, we up-
date the far–infrared SED of LABd05. In Figure 6, we
show the 1.9mm flux density and the upper limit on
the 3.2mm continuum together with the measurements
presented in Yang et al. (2012). We fit the data with
a modified blackbody SED with a dust temperature Td
and an emissivity index β. We find Td = 54, 39 and
31K for the fixed emissivity index β = 1, 1.5 and 2,
respectively. While the best-fit Td and β are still degen-
erate, the colder dust temperature (Td < 41K) and large
emissivity index (β > 1.5) are favoured at the 2σ (96%)
confidence level. Our LFIR estimate remains almost un-
changed from Yang et al. (2012): LFIR (40–1000µm) =
(3.9± 0.5)×1012L⊙. The updated dust mass is Mdust =
(1.5± 0.6)×109M⊙. Note that the derived dust mass is
sensitive to the choice of β: if we adopt β = 1.5, Mdust
will decrease by a factor of ∼4.
We find that the dust properties within the Lyα blob
are more consistent with those of SMGs [(Td, β) = (35K,
1.6)] than with those of QSOs (47K, 1.6; Beelen et al.
2006). Recently, using the Wide-Field Infrared Sur-
vey Explorer (WISE) and a MIR color selection tech-
nique, Bridge et al. (2013) selected hyper-luminous infra-
red galaxies (LFIR & 10
13 – 1014L⊙), some of which
show extended Lyα halos over 30–100kpc. These WISE-
selected Lyα blobs have very warm dust temperatures, Td
= 50–85K (β = 1.5), much warmer than LABd05, typi-
cal SMGs and less luminous DOGs. This warm temper-
ature indicates that the dust is being illuminated by an
AGN, thus Bridge et al. (2013) suggest that these WISE-
selected HyLIRGs are experiencing extremely powerful
feedback from the AGNs and that they are in a very
brief evolutionary stage between dusty starbursts and op-
tical QSOs. Given that the colder dust temperature in
LABd05 is preferred by our SED fit and that this dust
temperature is consistent with those of DOGs and SMGs
rather than AGNs, we conclude that the dust heating
in the FIR is likely dominated by star formation in the
MIPS source.
3.5. Molecular Gas Mass in LABd05
The unusual CO excitation in LABd05 adversely af-
fects our ability to estimate the molecular gas mass. If
we adopt the MW-like CO SED and extrapolate CO
fluxes to J = 1, LABd05 will have L′CO(1−0) = 1.6×10
11
Kkms−1 pc2 and M(H2) = 6.4×10
11 (αCO/4.0)M⊙
(Fig. 5). Here we adopt the nominal MW-like CO–to–
H2 conversion factor. On the other hand, if we assume
that the gas is still fully thermalized up to J = 3, we ob-
tain M(H2) = 3.5×10
10 (αCO/0.8)M⊙ for L
′
CO(1−0) =
4.4×1010 Kkms−1 pc2 assuming a ULIRG-like conver-
sion factor. The actual gas mass M(H2) and L
′
CO(1−0)
values for LABd05 are expected to lie between these two
extreme values. For these two M(H2) estimates, we ob-
tain the gas-to-dust mass ratios, Mgas/Mdust = 20 and
370, which span almost the entire observed range of Lo-
cal Group galaxies (Leroy et al. 2011) and local ULIRGs
(Solomon et al. 1997). Furthermore, theM(H2) estimate
derived from the MW-like CO SED is comparable to or
even larger than the dynamical mass estimated from the
CO line-width. We conclude that putting constraints on
the CO(1–0) line luminosity of LABd05 and carrying out
more detailed modeling of the CO SED will be critical
for constraining the properties of star formation in this
Lyα blob.
4. DISCUSSION
With new information on the gas kinematics in hand,
we construct physical models for LABd05 in this sec-
tion. In the following, we begin by summarizing the ob-
servational findings obtained from this work as well as
previous studies (Dey et al. 2005; Prescott et al. 2012b),
which a successful model must be able to explain:
1. The Lyα profile around the MIPS source (galaxy
#36) is symmetric and peaks precisely at the sys-
temic velocity of the galaxy as traced by CO emis-
sion.
2. The He II-emitting gas (located ∼20kpc away from
the MIPS source) is receding with ∼100 km s−1
with respect to the MIPS source.
3. The Lyα profiles become broader, more asymmet-
ric, and more redshifted with increasing distance
from the MIPS source (Dey et al. 2005).
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4. There are no galaxies detected in the UV-to-FIR
at the peak of the Lyα emission, which is located
at ∼12 kpc from the MIPS source (Prescott et al.
2012b).
The unknowns are (1) the mass distribution in LABd05
and (2) how to interpret the relative motion between
the MIPS source and the He II-emitting gas. Depending
on the answers to these two unknowns, we consider the
following two models for LABd05.
4.1. Physical Models for LABd05
The first model assumes that the mass (gas and dark
matter) is centered on the MIPS source and that the
He II/Lyα-emitting gas is outflowing from this galaxy. In
this picture, photo-ionization by an obscured AGN (the
MIPS source) is the dominant source for the extended
Lyα emission. The power-law MIR SED of the MIPS
source and no obvious sign of AGN activity in the optical
spectrum (e.g., broad emission lines and high ionization
lines) indicates that the MIPS source might contain an
obscured AGN (Dey et al. 2005). Note that star forma-
tion is likely to heat the dust within the MIPS source
(confined within ∼7 kpc), but the radiation from the
AGN provides energy for the Lyα emission over∼100kpc
scale. As the MIPS source, plausibly the most massive
member of LABd05, is also located near the greatest con-
centration of galaxies, it likely lies at or near the center
of the gravitational potential. A cone of radiation from
the AGN photo-ionizes the surrounding gas toward the
south–west part of the Lyα blob. The presence of C IV
and He II emission near the Lyα peak suggests that this
ionizing radiation should be hard. Since we do not ob-
serve any Lyα or He II emission towards the northern
side, in this model, the radiation from the AGN must
be anisotropic. Note that this kind of anisotropic ioniz-
ing radiation is common among high-redshift QSOs (e.g.
Hennawi & Prochaska 2013; Farina et al. 2013). Around
the AGN, the gas is highly ionized, leading to Lyα be-
ing less affected by resonant scattering off of neutral gas.
Therefore, the Lyα profile is single-peaked and symmet-
ric for this LOS. The surrounding gas is outflowing with
a relatively low speed (∼100km s−1 in projection) from
the MIPS source due to either star-formation or AGN-
driven winds. Further from the AGN, the gas becomes
more neutral, thus the Lyα profiles become broader
and more asymmetric. The observed monotonic veloc-
ity shear across the Lyα halo could be explained if the
outflowing gas is accelerating (e.g., Steidel et al. 2010) or
radiative transfer effects, as the Lyα lines become more
redshifted due to higher optical depths at larger radii. In
this scenario, the diffuse molecular gas might represent
gas entrained in an outflow from the MIPS source.
The major challenge to this model is the fact that the
Lyα and He II emission peaks are not located at the lo-
cation of the MIPS source where illumination from the
AGN and the gas density should be highest. Given that
the Lyα surface brightness depends on complicated ra-
diative transfer effects, the anisotropic geometry of the
radiation cone, and the varying ionization state of the
gas, it is not clear whether the observed Lyα surface
brightness distribution can be reproduced by this model.
Detailed Lyα radiative transfer calculations are required.
An alternative scenario is that the gas in LABd05
is distributed symmetrically with a density profile that
scales with the surface brightness profile of Lyα. In other
words, the potential is centered around the location of
the Lyα peak and the galaxies are somehow displaced
from the center of the potential. Because there are no
galaxies directly associated with this Lyα peak, the bary-
onic component is largely in the gas phase. The kinemat-
ics of the gas are reflected in the observed Lyα profiles.
The galaxies are forming from this halo gas, therefore
they closely follow the motions of the gas. In other words,
the galaxies have only small peculiar velocities relative to
the overall gas kinematics. The MIPS source is one of
these galaxies forming within the nebula, thus explaining
the lack of any significant velocity offset between Lyα and
CO. It is undergoing a starburst and possibly AGN for-
mation, and is supplying ionizing photons to the gas. In
this case, the ionization from the MIPS source could be
isotropic and there could be also other ionizing sources.
For example, Prescott et al. (2012b) found diffuse con-
tinuum emission near the He II region which, if powered
by spatially extended star formation, could suggest an
additional source of ionization. In this model, the Lyα
emission is observed only on one side of the AGN because
the photo-ionization is bounded by the gas distribution.
The low density molecular gas around the MIPS source
may indicate that molecular gas is forming within the
MIPS source and fueling the star formation activity. In
other words, these observations show a massive galaxy in
the process of forming from the gas with rapid dust and
molecular gas formation.
The major challenge in this model is how to explain
the observed Lyα velocity structure, in particular, why
the line-width of Lyα varies across the halo rather than
being broadest at the center of the nebula. Furthermore,
it is not clear why the galaxies and gas in this system are
spatially offset.
With the limited kinematic data, it is difficult to dis-
criminate between these two models. Furthermore, it is
still possible that there is an obscured source at the lo-
cation of the Lyα peak just below the detection limit of
our mm observations (SFR < 260M⊙ yr
−1; 3σ). Al-
ternately, a weak radio-jet from the MIPS source might
be responsible for the offset morphology between Lyα
and member galaxies, similar to what has been observed
in high-redshift radio galaxies. To reveal the nature of
LABd05, deeper spectroscopic observations with high
spectral resolution and deeper (sub)mm/radio contin-
uum observations will be required to further constrain
the kinematics of the Lyα- and He II-emitting gas and
to search for possible energy sources.
5. SUMMARY AND CONCLUSIONS
We have obtained IRAM PdBI observations of the CO
J = 3→ 2 and J = 5→ 4 line transitions from a z=2.7
Lyα blob (LABd05) in order to investigate the molecular
gas content and kinematics, to determine the location of
the dominant energy source, and to study the physical
conditions of star-forming regions within the Lyα blob.
We detect CO line emission from the molecular gas
associated with this Lyα blob. The CO line emission
and the dust continuum are detected at the location of a
strong MIPS source, which is offset by ∼1.5′′ (12 kpc in
projection) from the peak of Lyα surface brightness dis-
tribution. Neither the CO line nor the dust continuum
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emission is resolved with our 1.7′′ beam, showing that the
molecular gas and dust are confined to within a ∼7kpc
region around the MIPS source. In addition, no millime-
ter continuum source is found at the location of the Lyα
peak, excluding the presence of a compact source of hid-
den star formation at SFR > 260M⊙yr
−1 which might
be directly responsible for the Lyα emission. The CO
line spectra show that the MIPS source is indeed located
at the same redshift as the extended Lyα emission and
that it is a massive galaxy (Mdyn = 3–7×10
11M⊙) based
on the broad CO line-width (FWHM = 700 km s−1).
Combined with Keck/LRIS longslit spectroscopy of
Lyα and He II, we constrain the kinematics of the ex-
tended gas using the CO emission as the best tracer of the
systemic redshift. At the position of the MIPS source,
the Lyα profile is symmetric and its line center agrees
with those of the CO lines. This implies that there are no
significant bulk flows and the photo-ionization from the
MIPS source might be the dominant source of the Lyα
emission. Near the peak of the Lyα nebula, the gas is
slowly receding (∼100km s−1) with respect to the MIPS
source, thus disfavoring the hyper-/superwind hypothe-
sis where extreme galactic winds are responsible for the
extended Lyα emission. However, we note that we can-
not rule out the possibility that gas flow within LABd05
is tangential to our LOS.
We find that a significantly sub-thermal line ratio be-
tween the two CO transitions, ICO(5−4)/ICO(3−2) = 0.97
± 0.21 [L′CO(5−4)/L
′
CO(3−2) = 0.35 ± 0.08]. This line
ratio is lower than the average values found in high-z
SMGs and QSOs, but is consistent with the value found
in the center of the Milky Way. This line ratio indicates
that there is a large reservoir of low-density molecular
gas that could be spread over the vicinity of the MIPS
source. Observations of CO(7–6) and CO(1–0) lines with
higher spatial resolution are required to further constrain
the properties of the star-forming regions within this Lyα
blob.
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APPENDIX
OBSERVATIONS OF SSA22-LAB18
Here we summarize the results of the observations of SSA22-LAB18. This Lyα blob was identified from a narrowband
imaging survey at z = 3.1 (Matsuda et al. 2004). At the time of our observation, this source was known to have the
brightest FIR luminosity among Lyα blobs (Geach et al. 2005; Yang et al. 2012). Figure 7 shows the PdBI CO line
observations for SSA22–LAB18. For reference, we also display the entire dataset in Figure 8. Because the spectroscopic
redshift of this Lyα blob is not available, we searched for detections over the entire redshift range (z = 3.06 – 3.13)
covered by the narrowband filter (NB497). Neither dust continuum or CO(3–2) line emission is detected within the
Lyα blob.
We compare the non-detection in 3.5mm continuum with the existing FIR flux measurements. Figure 9 show the FIR
flux densities from SCUBA (Geach et al. 2005), AzTEC-ASTE (Tamura et al. 2013) and our measurements. Different
symbols represent the (sub)mm observations with different instruments and beams sizes. For the AzTEC-ASTE
measurement, we show the measurement extracted at the position of SSA22–LAB18–b, one of the two components in
SSA22–LAB18 (Tamura et al. 2013). Note that SSA22–LAB18–ab are blended with a bright nearby source, thus the
actual flux might be even lower than reported. For the illustration purposes, the solid and dot-dashed lines represent
the modified blackbody SEDs normalized at the SCUBA photometry, S850µm = 11mJy with (Td, β) = (40K, 2)
and (30K, 1.5), respectively. Our upper limit at 3.5mm is not stringent enough to determine which of the previous
continuum measurements is correct.
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Figure 7. PdBI CO line observations for SSA22–LAB18. Neither the dust continuum nor the CO(3–2) line is detected. (Left) Spectra
at the position and redshift of the expected CO emission with a velocity resolution of 50 km s−1. The velocity is relative to the tuned
frequency of the receiver corresponding to the central wavelength of the narrowband filter used in its discovery (Matsuda et al. 2004).
(Middle) Dirty continuum image. (Right) Line image integrated over 1000 km s−1. See the caption of Fig. 1 for details.
Figure 8. Integrated channel map of SSA22-LAB18. Each channel is integrated over a 500 km s−1 bandwidth centered at the velocities
shown in the upper left corners. The contours are at −3, −2, −1, 1, 2, and 3σ, where σ is the rms noise per 500 km s−1 velocity bin
(0.21 mJy beam−1). The phase center is marked with a cross in each panel. The first panel in the upper left corner shows a Lyα contour
corresponding to a surface brightness of ∼2.2×10−18 erg s−1 cm−2 arcsec−2 (Matsuda et al. 2004).
Figure 9. FIR flux densities of SSA22-LAB18. Different symbols represent the (sub)mm observations with different instruments and
beams sizes (Geach et al. 2005; Tamura et al. 2013, this work). All the uncertainties and upper limits are shown at the 3σ level. The solid
and dot-dashed lines represent the modified blackbody SEDs normalized at S850µm = 11mJy with (Td, β) = (40K, 2) and (30K, 1.5),
respectively.
